Introduction
============

OX40, a membrane glycoprotein of the TNF receptor family originally identified as an activated T cell marker in the rat [1](#R1){ref-type="bib"} [2](#R2){ref-type="bib"} [3](#R3){ref-type="bib"}, has also been demonstrated on activated T cells in humans and mice [4](#R4){ref-type="bib"} [5](#R5){ref-type="bib"} [6](#R6){ref-type="bib"}. Recently, further investigations have revealed the presence of OX40-expressing T cells at inflammatory sites of various diseases [7](#R7){ref-type="bib"} [8](#R8){ref-type="bib"} [9](#R9){ref-type="bib"} [10](#R10){ref-type="bib"} [11](#R11){ref-type="bib"} [12](#R12){ref-type="bib"} [13](#R13){ref-type="bib"} [14](#R14){ref-type="bib"}. OX40 ligand (OX40L), a type II membrane protein, was identified as the mouse homologue of human gp34, which we molecularly cloned as a target molecule for a transacting transcriptional activator, Tax, of the human T cell lymphotropic virus type I [15](#R15){ref-type="bib"}. Expression of OX40L, initially described on human T cell lymphotropic virus type I--infected T cells [15](#R15){ref-type="bib"}, has been found on murine B cells [16](#R16){ref-type="bib"} [17](#R17){ref-type="bib"}, human endothelial cell lines [18](#R18){ref-type="bib"}, dendritic cells [19](#R19){ref-type="bib"} [20](#R20){ref-type="bib"}, and recently among a population of APCs in the central nervous system during the course of clinically apparent experimental allergic encephalomyelitis (EAE) [14](#R14){ref-type="bib"}.

Initiation of antigen-specific T cell responses requires an antigen presented by MHC molecules and costimulatory signals provided by APCs [21](#R21){ref-type="bib"} [22](#R22){ref-type="bib"}. Furthermore, OX40--OX40L has recently been reported to be implicated in the additional costimulatory signals in vitro [4](#R4){ref-type="bib"} [5](#R5){ref-type="bib"} [23](#R23){ref-type="bib"} [24](#R24){ref-type="bib"} [25](#R25){ref-type="bib"}. Intervention of the OX40--OX40L system has produced interesting findings in immune modulation. Cross-linking of OX40 with an anti-OX40 Ab generated a costimulatory signal in CD4^+^ T cells [1](#R1){ref-type="bib"} [4](#R4){ref-type="bib"} [5](#R5){ref-type="bib"} [23](#R23){ref-type="bib"}. An anti-OX40 polyclonal Ab that blocked the interaction between OX40 and OX40L, and a soluble (s)OX40-Ig fusion protein that led to an enhanced proliferation and Ig production of B cells have been able to highlight the significance of OX40L in the terminal differentiation of activated B cells [16](#R16){ref-type="bib"} [17](#R17){ref-type="bib"}. Similarly, ligation of OX40L expressed on human dendritic cells reportedly enhanced dendritic cell differentiation in vitro [19](#R19){ref-type="bib"}, thus correlating with an antigen-presenting function as a consequence of OX40L ligation.

Weinberg et al. previously reported the expression of OX40 on autoreactive T cells in rats with EAE, and that administration of an OX40 immunotoxin resulted in an amelioration of this disease [7](#R7){ref-type="bib"}. Moreover, an sOX40 fusion protein, antagonist for OX40L, has also been described not only to suppress ongoing EAE [14](#R14){ref-type="bib"} and semiallogeneic graft-versus-host disease [12](#R12){ref-type="bib"}, but also to ameliorate ongoing colitis in murine models of inflammatory bowel disease [13](#R13){ref-type="bib"}. These observations shed further light on the requirement of the costimulatory function offered by the OX40--OX40L system in the regulation of immune disorders.

Our report shows that OX40 and OX40L are an indispensable pair in in vivo T cell priming as demonstrated by lack of functional OX40L expression on APCs, through the use of OX40L-deficient mice and an mAb antagonistic to OX40L.

Materials and Methods
=====================

Generation of OX40L-deficient Mice.
-----------------------------------

A phage clone containing an ∼13-kb DNA fragment, including exon 1 of the OX40L gene, was isolated from a mouse 129/Sv genomic library (Stratagene) by using the OX40L cDNA as a probe. The vector was constructed by replacement of the first exon with a neomycin resistance cassette (PGKNeo [26](#R26){ref-type="bib"}; see [Fig. 1](#F1){ref-type="fig"} A). The gene for the diphtheria toxin A subunit (DT-A) was incorporated into the 3′ end of the vector. The vector was linearized with NotI and electroporated into J1 embryonic stem (ES) cells. G418-resistant ES cell colonies were picked up, expanded as described previously [27](#R27){ref-type="bib"}, and screened for homologous recombination by Southern blotting using a flanking probe depicted in [Fig. 1](#F1){ref-type="fig"} A. Three ES clones were identified as heterozygous for OX40L disruption and injected into blastocysts derived from C57BL/6 Cr mice. Chimeric mice were bred against C57BL/6 Cr female mice, and the generated F1 mice heterozygous for the mutation were intercrossed to generate F2 offspring. The offspring were analyzed for the mutated OX40L allele by Southern blotting. The OX40L-deficient mice were backcrossed at least six times to C57BL/6 Cr mice for in vivo immunological analyses.

Preparation of MGP34, an mAb Specific for Mouse OX40L.
------------------------------------------------------

BW5147, a mouse T cell hybridoma cell line, was stably transfected with pSRmgp34 expression plasmid carrying the SRα promoter followed by mouse OX40L cDNA, yielding BW-gp34. TART-1, a rat T cell line, was stably transfected with pBCMGSneo-mgp34 expression plasmid carrying the CMV promoter followed by mouse OX40L cDNA, yielding TART-gp34. Cells used were cultured in RPMI 1640 medium containing 10% FCS. Wistar rats were intraperitoneally immunized four times at weekly intervals with 10^8^ TART-gp34 cells. The sensitized spleen cells were fused with a mouse myeloma cell line, SP2/0-Ag14, and hybridoma clones were obtained as described previously [28](#R28){ref-type="bib"}. Culture supernatants of the hybridomas were screened by a radioimmunoassay with ^125^I-labeled anti--rat sheep Ig (IM1320; Amersham Pharmacia Biotech) using the transfectant cell lines. One hybridoma producing mAb specific for mouse OX40L was positively screened and named MGP34.

Surface Labeling and Immunoprecipitation.
-----------------------------------------

Cell surface proteins of BW5147 and BW-gp34 cells were biotinylated using biotin--CNHS-ester (Boehringer Mannheim). The cells (10^7^) were solubilized in 1 ml of buffer (25 mM Tris-HCl, pH 7.5, 140 mM NaCl, 1 mM EDTA, 2 mM PMSF, 0.1% aprotinin, and 1% NP-40). Protein A--Sepharose was pretreated with anti--rat IgG and then conjugated with the MGP34 mAb. The cell lysates were incubated with the protein A--Sepharose for 2 h at 4°C. Immunoprecipitates bound to the Sepharose were separated by SDS-PAGE with a 12.5% polyacrylamide gel and transferred to polyvinylidene difluoride filters (Millipore). The filters were probed with streptavidin--horseradish peroxidase and visualized by the ECL detection system (Amersham Pharmacia Biotech).

mAbs.
-----

MGP34 (rat IgG2c) specific for mouse OX40L established here was conjugated to NHS-LC-biotin (Pierce Chemical Co.). Anti-CD4 (L3T4), B220 (RA3-6B2), anti-CD11c (HL3), anti-CD40 (HM40-3), and anti--mouse IgM (R6-60.2) dye-linked mAbs for immunofluorescence studies were all purchased from PharMingen. Anti--human Fc-FITC was purchased from Cappel. The specificity and optimal titer of the mAbs were determined before use.

Immunofluorescence Staining.
----------------------------

Preincubation with normal rat serum was carried out to prevent nonspecific association of labeled mAbs, including binding to the Fc receptor. The cells were incubated for 30 min at 4°C with biotin-conjugated MGP34 in combination with anti-IgM--FITC plus B220-PE for B cells or anti-CD11c--FITC plus 33D1-PE for dendritic cells. The cells labeled with the biotinylated mAb were visualized by streptavidin-allophycocyanin (PharMingen), and subjected to flow cytometric analysis. For negative control of OX40L, preincubation of the cells with unlabeled MGP34 was performed to abolish any specific staining by the biotinylated Abs. The mAb-treated cells were analyzed with a FACSCalibur™ flow cytometer (Becton Dickinson).

Preparation and Activation of Dendritic Cells.
----------------------------------------------

The enriched dendritic cells were prepared as described [29](#R29){ref-type="bib"}. In brief, collagenase-treated spleen cells (Collagenase type IV; Sigma Chemical Co.) in RPMI 1640 were suspended in 1.077 g/ml Nycodenz (Nycoprep A; Nycomed) and centrifuged at 600 *g* for 20 min, and the low density fraction was collected and washed several times. The recovered cells were suspended and incubated in RPMI 1640 containing 10% FCS for 2 h at 37°C to remove nonadherent cells, and the remaining adherent cells were incubated overnight at 37°C in the medium plus mouse recombinant GM-CSF (5 ng/ml) and IL-4 (2 ng/ml) (PeproTech). After cultivation, the nonadherent cells harvested contained \>60% CD11c^+^33D1^+^ dendritic cells. The enriched cells were cultured in the presence of anti-CD40 mAb (HM40-3, 5 μg/ml) plus goat anti--hamster Ab (5 μg/ml; Caltag) in RPMI 1640 including 10% FCS at 37°C for the indicated times.

In Vivo T Cell Priming and Recall Response Stimulated with Protein Antigens.
----------------------------------------------------------------------------

6-wk-old female C57BL/6 mice, OX40L-deficient mice, or wild-type littermates (*n* = 4 per each group) were immunized with 50 μg of KLH, hen egg lysozyme (HEL), or OVA, together with CFA in a total volume of 50 μl into each hind footpad. The C57BL/6 mice were injected intraperitoneally with 500 μg of MGP34 or rat IgG (Cappel) at days 0, 3, and 6 of immunization. On day 9 after immunization, inguinal lymph node cells on the antigen-immunized side were extracted. The lymph node cells (10^5^) were added into each well of a 96-well plate and incubated with the indicated dose of the proteins at 37°C for 3 d. Alternatively, CD4^+^ T cells (5 × 10^4^) purified from the lymph node were restimulated with KLH in the presence of APCs (2.5 × 10^5^) in the same manner. The CD4^+^ T cells used were purified from the extracted lymph node by using mouse anti-CD4 Dynabeads^®^ (Dynal) and further separated from the beads using DETACHaBEAD^®^ (Dynal). Purity was confirmed to be \>98% by flow cytometer. The APCs used were isolated from the spleens of 6-wk-old female C57BL/6 mice, OX40L-deficient mice, or wild-type littermates and irradiated (3,000 rad). The cells cultured were assayed for \[^3^H\]thymidine uptake and cytokine production in response to KLH in vitro as described previously [28](#R28){ref-type="bib"} [30](#R30){ref-type="bib"} [31](#R31){ref-type="bib"}. Culture supernatants were collected at 48 h for IL-2, or at 96 h for IL-5, IL-10, and IFN-γ, and were subjected to ELISA to measure the cytokine production.

In Vivo Production of KLH-specific Ab.
--------------------------------------

80 μg of KLH was used to immunize the OX40L-deficient and wild-type mice as described above, except that the mice were immunized again with 50 μg of KLH by the same method 4 wk after priming to elicit the secondary Ab response. For the primary Ab determination, serum was collected on day 7 for IgM and day 14 for the IgGs to examine the concentration of anti--KLH-specific Abs. For secondary Ab production, serum was collected on day 5 after the second immunization.

Assay for Anti--KLH-specific Ig Production.
-------------------------------------------

Each well of an ELISA microtiter plate was coated with 10 μg/ml of KLH in carbonate buffer, pH 9.0, by overnight incubation at 4°C. Plates were washed and subsequently blocked with 1% BSA in PBS for 1 h at 37°C. Murine sera from OX40L-deficient or wild-type mice, diluted in PBS containing 1% BSA (from 1:100 to 1:100,000), were added to the wells and incubated for 2 h at room temperature. The plates were then washed, and bound Abs were detected by incubation with goat anti--murine IgM, IgG1, IgG2a, IgG2b, or IgG3 conjugated to alkaline phosphatase (1:200; Southern Biotechnology Associates). After an additional 1-h incubation, color reactions were performed using alkaline phosphatase substrate (Sigma Chemical Co.) in a diethanolamine buffer. The reaction was stopped by 3 M NaOH, and the OD readings at 405 nm from the dilution (1:300, 1:900, 1:2,700, or 1:8,100 for IgM and IgG3, IgG2a, IgG2b, or IgG1, respectively) were evaluated. This was demonstrated to be well within the linear part of the titration curve.

CTL Induction and Cytotoxicity Assay.
-------------------------------------

To induce a CTL response, OX40L-deficient, wild-type, MGP34-treated, or control IgG--treated C57BL/6 mice (*n* = 4 per group), as recipients, were immunized intraperitoneally with 5 × 10^7^ irradiated splenocytes from BALB/c mice. In the Ab-treated groups, the mice were then administered intraperitoneally with 500 μg MGP34 or a control Ab on days 0, 2, and 4. On day 5, spleen cells were extracted and prepared as effector cells in ^51^Cr-release assays. BALB/c splenocytes stimulated with ConA (10 μg/ml) were used as target cells as described previously [32](#R32){ref-type="bib"}. After incubating the ^51^Cr-labeled target cells with the effector cells, radioactivities of the supernatants were determined with a γ-counter. Results were expressed as follows: % specific lysis = \[(release in test -- spontaneous release)/(maximum release -- spontaneous release)\] × 100.

Results
=======

Generation and Characterization of OX40L-deficient Mice.
--------------------------------------------------------

Using gene targeting and ES cell technology, the OX40L mutation was created by inserting the neomycin resistance gene cassette into the first exon, and was introduced into ES cells through homologous recombination as illustrated in [Fig. 1](#F1){ref-type="fig"} A. Homologous recombination events were genotyped by Southern blot analysis. Three ES clones carrying the mutant allele were isolated to generate chimeric mice. Chimeric mice derived from two of the three ES clones were found to transmit the mutant allele to their offspring. Wild-type, homozygous mutant, and heterozygous mutant genotypes were determined by Southern blot analyses of DNA from the progeny obtained by interbreeding of heterozygous mice ([Fig. 1](#F1){ref-type="fig"} B). 10.0- and 3.0-kb bands were detected as mutated and wild-type alleles, respectively ([Fig. 1](#F1){ref-type="fig"} B), by a flanking probe depicted in [Fig. 1](#F1){ref-type="fig"} A. To examine the expression of OX40L, flow cytometric analysis with splenic B cells from wild-type and homozygous mice was carried out. Since expression of OX40L on all freshly isolated lymphocyte populations in wild-type mice was undetectable, B cells from both wild-type and mutant mice were selected and stimulated with anti-CD40 plus anti-IgM Ab for 3 d to induce OX40L expression. Activated B cells from the wild-type mice had strong expression of OX40L, whereas no expression was observed on the B cells from the homozygous mice ([Fig. 1](#F1){ref-type="fig"} C), indicating that the mutation of the OX40L allele resulted in lack of OX40L expression on the cell surfaces. OX40L knockout mice had been backcrossed onto the C57BL/6 Cr background up to at least six generations before all immunological analyses.

Establishment of MGP34, Antagonistic mAb Specific for OX40L.
------------------------------------------------------------

MGP34 was prepared by immunization with TART-1 transfectant cells expressing mouse OX40L. Specificity of MGP34 was determined by staining of BW-gp34 cells, stably transfected with mouse OX40L, and their parental BW5147 cells. MGP34 reacted to BW-gp34, but not to BW5147 cells ([Fig. 2](#F2){ref-type="fig"} A), demonstrating the specificity of the mAb for OX40L. MGP34 detected a 34-kD band in the immunoprecipitates from biotinylated BW-gp34 cells ([Fig. 2](#F2){ref-type="fig"} B), indicating that the mouse OX40L protein expressed on the cell surface is a 34-kD molecule similar to human OX40L in molecular mass [33](#R33){ref-type="bib"}.

To examine the effect of MGP34 on the OX40--OX40L interaction, competitive binding assays were performed between a human sOX40-Fc fusion protein (provided by Dr. P. Baum, Immunex Research and Development Corp., Seattle, WA) and MGP34 to BW-gp34 cells. sOX40--Fc apparently bound to BW-gp34 cells in the presence of the control mAb, whereas the binding was completely eliminated in the presence of MGP34 ([Fig. 2](#F2){ref-type="fig"} C), clearly indicating an effective blocking potential of MGP34 towards the binding between OX40 and OX40L.

The OX40L--OX40 system is known to be implicated in costimulatory signal transduction in activated T cells [1](#R1){ref-type="bib"} [4](#R4){ref-type="bib"} [5](#R5){ref-type="bib"} [23](#R23){ref-type="bib"} [24](#R24){ref-type="bib"} [25](#R25){ref-type="bib"}. To assess the inhibitory effect of MGP34 on OX40-dependent T cell proliferation, T cells purified from spleens were stimulated with anti-CD3 plus irradiated BW-gp34 cells or anti-CD3 plus irradiated BW5147 parental cells, in the presence of either MGP34 or a control mAb, and then assayed for their \[^3^H\]thymidine uptake. Stimulation of T cells with BW-gp34 cells induced a significant increase in \[^3^H\]thymidine uptake compared with the BW5147 parental cells in the presence of the control IgG. However, the enhancement in T cell proliferation by OX40L was completely suppressed by MGP34 ([Fig. 2](#F2){ref-type="fig"} D), and in a dose-dependent manner ([Fig. 2](#F2){ref-type="fig"} E). These results indicate that MGP34 has an inhibitory effect towards T cell proliferation in response to OX40L in vitro.

Expression Kinetics of OX40L on T, B, and Dendritic Cells.
----------------------------------------------------------

Although accumulating evidence currently demonstrates the expression of OX40L on T, B, and dendritic cells in humans and mice [15](#R15){ref-type="bib"} [16](#R16){ref-type="bib"} [19](#R19){ref-type="bib"} [20](#R20){ref-type="bib"} [25](#R25){ref-type="bib"}, the expression kinetics of OX40L is still unclear. Therefore, we carried out a detailed analysis of OX40L expression by immunostaining with MGP34. Thymocytes and splenic lymphocytes freshly isolated from 5-wk-old C57BL/6 male mice failed to express OX40L (data not shown). Splenic T and B cells were stimulated with anti-CD3 and anti-CD40 plus anti-IgM Ab, respectively. Little expression of OX40L was observed on both CD4^+^ and CD8^+^ T cells stimulated with anti-CD3 (data not shown). However, in the B220^+^ IgM^+^ B cell population, stimulation with anti-CD40 plus anti-IgM Ab was able to induce expression of OX40L 2 d after the stimulation ([Fig. 3](#F3){ref-type="fig"}), and the expression persisted for up to 7 d. Stimulation with either anti-CD40 or anti-IgM Ab did not induce any expression of OX40L (data not shown). CD11c^+^33D1^+^ dendritic cells freshly isolated from spleen cells expressed little, if any, OX40L; however, the OX40L expression was significantly induced 1 d after stimulation with anti-CD40 ([Fig. 3](#F3){ref-type="fig"}), but not by LPS (data not shown), and was sustained up until at least day 7. These results suggest that CD40 signaling is indispensable for OX40L expression on both B and dendritic cells.

Phenotypes of Lymphocytes and Dendritic Cells in OX40L-deficient Mice.
----------------------------------------------------------------------

Flow cytometric analyses of thymocytes and splenocytes were performed to examine whether an absence of OX40L expression affects the development of lymphocytes and dendritic cells. OX40L-deficient mice did not display any apparent abnormality in the formation of lymphoid organ structures, in the numbers of T and B cells, and in the phenotypes of these cells as assessed by CD4 and CD8, or B220 and IgM expression on thymocytes and splenic lymphocytes (data not shown), respectively. No obvious difference in the ratio of CD11c^+^33D1^+^ dendritic cells was observed between OX40L-deficient and wild-type spleens (data not shown). These results suggest that OX40L is not crucial in the early development of T, B, and dendritic cells.

To gain further insight into the role played by OX40L in APC functions, we examined the B and dendritic cells of OX40L-deficient mice in their expression of several molecules known to be involved in APC functions such as MHC class II antigen, CD40, CD80, and CD86. Although a previous report demonstrated that cross-linking of OX40L increased the expression level of these costimulatory molecules on human dendritic cells [19](#R19){ref-type="bib"}, similar basal levels of expression of these molecules were observed on unstimulated B and dendritic cells in both OX40L-deficient and wild-type mice (data not shown). Since CD40-stimulated B and dendritic cells are considered to be functional APCs, we next examined the expression patterns of these activated APC markers on B and dendritic cells upon stimulation with anti-CD40. All of these molecules were expressed among both CD40-stimulated B and dendritic cells derived from wild-type and OX40L-deficient mice (data not shown), suggesting that the absence of OX40L does not affect the CD40-induced expression of such molecules on APCs.

Proliferative responses of splenic T and B cells obtained from unimmunized wild-type or OX40L-deficient mice were next evaluated. Equal levels of proliferation were observed in both wild-type and mutant T cells in response to various T cell stimuli (anti-CD3, anti-CD28 plus anti-CD3, ConA, or PMA plus ionomycin). Similarly, in response to B cell stimuli such as LPS, anti-IgM, anti-CD40, or a combination of anti-IgM plus anti-CD40, B cell proliferative responses were indistinguishable in both populations (data not shown). These results suggest that the intrinsic potential of T and B cells to respond to antigens is preserved in OX40L-deficient mice.

Impairment of T Cell Priming and Cytokine Production in OX40L-deficient Mice and MGP34-treated Mice.
----------------------------------------------------------------------------------------------------

To examine the in vivo effect of OX40L on antigen-specific T cell activation, we immunized OX40L-deficient or wild-type mice with KLH and tested their in vitro T cell recall proliferative response. A significantly reduced response was observed in OX40L-deficient mice, and the antigen dose--response curve was shifted by several orders of magnitude ([Fig. 4](#F4){ref-type="fig"} A). Similarly reduced responses were seen with two other protein antigens, hen egg lysozyme (HEL) and OVA, in OX40L-deficient mice ([Fig. 4](#F4){ref-type="fig"} A). These results suggest that OX40L plays an important role in antigen-specific T cell priming. The reduced response in OX40L-deficient mice may be due to a defect at the level of the APCs, since the intrinsic potential of OX40L-deficient T cells in response to antigens is preserved (data not shown) and since OX40L expression was restricted to activated APCs but not T cells.

Next, we asked whether the dysfunction of OX40L-deficient APCs causing the reduced reaction in the T cells occurs during the initial in vivo T cell priming phase, during the secondary in vitro reaction, or possibly during both. Recall proliferative assays were performed using several configurations consisting of purified T cells and APCs derived from both OX40L-deficient and wild-type mice. Initially, KLH-primed CD4^+^ T cells purified from OX40L-deficient or wild-type mice were examined for their recall reaction in the presence of the wild-type APCs. The response of OX40L-deficient CD4^+^ T cells was less than half of that observed among wild-type CD4^+^ T cells ([Fig. 4](#F4){ref-type="fig"} B), indicating a key role for OX40L in antigen-specific T cell priming in vivo. Next, to evaluate the in vitro APC function during secondary T cell activation, KLH-primed CD4^+^ T cells from wild-type mice were incubated with APCs isolated from OX40L-deficient or wild-type spleen, and their recall proliferation was assayed. Interestingly, CD4^+^ T cell proliferation upon stimulation with the OX40L-deficient APCs was significantly reduced compared with wild-type APCs ([Fig. 4](#F4){ref-type="fig"} C). These results revealed the intrinsic dysfunction of OX40L-deficient APCs in vitro. Taking the data together, OX40L is shown to be essential to fully activate antigen-specific T cell responses through OX40L-expressing APCs during both the priming and effector phases of T cell activation.

To rule out the possibility that the impairment of APC function could be caused by a mismatch of MHCs between T cells and APCs as a result of an insufficient backcross, we also examined whether C57BL/6 mice treated with MGP34, a blocking mAb for OX40L function, affects the in vivo T cell priming. C57BL/6 mice were immunized with KLH in a similar manner to the above experiment using OX40L-deficient mice and inoculated with either MGP34 or a control rat IgG at days 0, 2, 4, and 6 after immunization. In vitro proliferative recall responses of their lymph node cells were subsequently determined. Lymph node cells derived from the MGP34-administered mice showed suppressed recall reaction to KLH ([Fig. 4](#F4){ref-type="fig"} D) similar to that observed with the OX40L-deficient mice. Furthermore, we examined the in vitro recall reaction of the CD4^+^ T cells purified from the KLH-primed lymph nodes of MGP34-treated mice in the presence of C57BL/6 APCs. We observed that the MGP34-treated mice had a significant reduction in CD4^+^ T cell recall reaction compared with the control mice ([Fig. 4](#F4){ref-type="fig"} D), confirming the critical involvement of OX40L in antigen-specific T cell priming in vivo.

Cytokine Production in the Culture Supernatants Was Also Assayed by ELISA.
--------------------------------------------------------------------------

IFN-γ production by both the OX40L-deficient and MGP34-treated lymph nodes was dramatically reduced ([Fig. 4](#F4){ref-type="fig"} E). The production levels of IL-2, IL-4, IL-5, and IL-10 were also significantly lower than those of the control groups ([Fig. 4E](#F4){ref-type="fig"} and [Fig. F](#F4){ref-type="fig"}), suggesting that the OX40--OX40L system critically contributes to both the Th1 and Th2 responses.

Impairment of Antigen-specific Ab Production in OX40L-deficient Mice.
---------------------------------------------------------------------

We next investigated the role of OX40L during the course of primary and secondary humoral immune responses against KLH, a well-known T cell--dependent antigen. Sera from OX40L-deficient mice clearly exhibited reduced KLH-specific IgG Ab production in both primary and secondary humoral responses, among all murine IgG subclasses ([Fig. 5](#F5){ref-type="fig"}). No significant difference in both primary and secondary IgM production was observed between wild-type and OX40L-deficient mice ([Fig. 5](#F5){ref-type="fig"}). Similarly, in vivo administration of MGP34 mAb also inhibited the primary IgG, and not IgM, response to KLH (data not shown). In contrast, OX40L-deficient mice demonstrated normal IgM and IgG production specific for trinitrophenol (TNP) in both primary and secondary responses to TNP-LPS, a T cell--independent antigen (data not shown), indicating the importance of the OX40--OX40L interaction in T cell--dependent humoral responses.

Alloantigen-specific CTL Response in OX40L-deficient and MGP34-treated Mice.
----------------------------------------------------------------------------

We examined the effect of OX40L on the induction of alloantigen-specific CTLs. Wild-type, OX40L-deficient, MGP34-treated, and control IgG--treated C57BL/6 mice used as recipients were immunized with splenocytes derived from BALB/c mice. On day 5 after immunization, splenocytes from the recipient mice were used as effector cells in the cytotoxicity assay. Allospecific CTLs were induced in the control mice, whereas induction of such CTLs was significantly inhibited in both OX40L-deficient and MGP34-treated mice, suggesting an important involvement of OX40L in alloantigen-specific CTL response ([Fig. 6A](#F6){ref-type="fig"} and [Fig. B](#F6){ref-type="fig"}).

Discussion
==========

Recently, OX40 has been highlighted as a new costimulatory molecule capable of activating T cells; however, the expression and function of its ligand OX40L are still unclear, particularly during in vivo immune responses. To elucidate the in vivo significance of OX40L, we produced OX40L-deficient mice and an antagonistic mAb specific for OX40L, MGP34. Using the two experimental tools, we revealed that OX40L expressed on APCs plays a key role on antigen-specific T cell initiation in vivo.

Several in vitro studies have demonstrated that OX40 stimulation enhances IL-4 expression and promotes T cell differentiation towards Th2 cells [34](#R34){ref-type="bib"} [35](#R35){ref-type="bib"}. In contrast to these studies, it has also been reported that in vivo administration of an OX40-IgG fusion protein, antagonistic for OX40, ameliorates Th1-associated diseases inflammatory bowel disease and EAE, and reduces transcripts for Th1 cytokines such as TNF-α, IL-1, IL-12, and IFN-γ in the affected tissues [13](#R13){ref-type="bib"} [14](#R14){ref-type="bib"}. These results suggest that OX40--OX40L interactions participate in enhancing both Th1 and Th2 responses during antigen-specific CD4^+^ T cell activation. This study clearly demonstrated that the lack of OX40--OX40L interaction inhibits both of these responses during in vivo T cell priming. Since suppression of the Th1 response usually induces an increase in Th2 responses and vise versa, reduction of both Th1 and Th2 cytokine production in OX40L-deficient mice may reflect either hyporesponsiveness or anergy in the T cell response. A consequence of OX40 ligation on activated T cells is to increase their survival, as demonstrated by a recent publication [36](#R36){ref-type="bib"}. To examine whether OX40L is involved in the survival of primed memory T cells, wild-type and OX40L-deficient mice were stimulated with staphylococcal enterotoxin A and LPS to induce survival and expansion of Vβ3^+^ T cells [36](#R36){ref-type="bib"} [37](#R37){ref-type="bib"}. Interestingly, the survival of these T cells is not significantly reduced in OX40L-deficient mice compared with wild-type mice (Murata, K., N. Ishii, L.C. Ndhlovu, and K. Sugamura, unpublished data). The increased survival of Vβ3^+^ T cells by constitutive ligation of OX40 [36](#R36){ref-type="bib"} might not necessarily mean that OX40L deficiency induces apoptosis of the T cells. To fully explain the possible mechanism of hyporesponsiveness of the T cells in OX40-deficient mice, further examination will be necessary.

Further analysis of OX40L-deficient mice demonstrated impairment of both primary and secondary Ab production to KLH, a T cell--dependent antigen ([Fig. 5A](#F5){ref-type="fig"} and [Fig. B](#F5){ref-type="fig"}), as well as suppression of the alloantigen-specific CTL induction ([Fig. 6](#F6){ref-type="fig"} A) compared with wild-type mice. The suppressed Ab production to KLH is similar to a previous report showing that blockade of OX40--OX40L interaction inhibited production of all of the IgG subclasses, but not IgM [17](#R17){ref-type="bib"}. Since KLH is known to be a T cell--dependent antigen on Ab production, the impairment of Ab responses observed may also be due to suppressed T cell priming. However, our data here cannot exclude the possibility that OX40L signaling in B cells may be involved in Ab production or B cell differentiation. Indeed, a previous report demonstrated that ligation of OX40L led to an enhanced proliferation and Ig production of B cells [16](#R16){ref-type="bib"}. Furthermore, the suppressed alloantigen-specific CTL induction among OX40L-deficient mice may be a consequence of impaired CD4^+^ T cell help for CD8 responses. However, a direct role of OX40--OX40L interaction on CD8^+^ T cells could exist, since OX40 has been reported to be expressed on activated CD8^+^ T cells in mice [3](#R3){ref-type="bib"} [5](#R5){ref-type="bib"} but not in rats.

OX40 expressed on activated T cells has been reported to be an effector molecule for costimulatory signal transduction upon interaction with OX40L on APCs in immune responses [24](#R24){ref-type="bib"}. OX40L expression was previously detected on activated B and dendritic cells [19](#R19){ref-type="bib"} [20](#R20){ref-type="bib"} [25](#R25){ref-type="bib"}. Since the sensitivity in detection of OX40L expression with soluble OX40 is at least 10 times lower than that with MGP34 mAb (compare [Fig. 2A](#F2){ref-type="fig"} and [Fig. C](#F2){ref-type="fig"}), MGP34 mAb is useful as a sensitive assay in determining the expression kinetics of OX40L. Using MGP34 mAb, we found that CD40-stimulated B and dendritic cells express OX40L within 2 d of stimulation and are able to sustain this expression beyond day 7. Since expression of CD40L, as a CD40 stimulant, is immediately induced on T cells after antigen stimulation, and since CD40 is constitutively expressed on APCs independent of antigen stimulation [38](#R38){ref-type="bib"} [39](#R39){ref-type="bib"}, our findings indicate that OX40L expression is presumably induced by CD40 stimulation 2 d after antigen challenge. On the other hand, OX40 expression on CD4^+^ T cells has been reported to peak 48 h after TCR stimulation [24](#R24){ref-type="bib"}, which coincides with the onset of OX40L expression on CD40-stimulated APCs. This sequential expression of CD40--CD40L and OX40--OX40L suggests that the latter participates in the later phase of in vivo T cell priming.

Furthermore, we monitored the expression of CD80, CD86, and MHC class II molecules, known to be upregulated on B and dendritic cells after CD40 stimulation [14](#R14){ref-type="bib"} [25](#R25){ref-type="bib"} [40](#R40){ref-type="bib"}. Normal upregulation of the molecules was observed in OX40L-deficient APCs (data not shown), indicating that the OX40L deficiency may be responsible for the defective APC function in our study. As only partial suppression of recall response was observed, an OX40--OX40L-independent system may come into play. Indeed, the synergistic potential of the CD28--CD80--CD86 and OX40--OX40L systems in T cell activation has been suggested by the findings that in vitro T cell activation was markedly suppressed by a combination of both OX40L and CD28 blockade, rather than either alone [14](#R14){ref-type="bib"} [25](#R25){ref-type="bib"}. Other costimulatory systems such as CD28--CD80--CD86 may cooperatively work with the OX40--OX40L system in antigen-specific T cell priming.

Since CD40 signaling is known to be upstream in the pathway for nuclear factor κB activation [41](#R41){ref-type="bib"}, our findings depicting the requirement of CD40 stimulation in the induction of OX40L expression are consistent with our previous report showing the downstream upregulation of the promoter activity of OX40L by nuclear factor κB activation [42](#R42){ref-type="bib"}.

Engagement of CD40 on APCs is well known to be an essential event for the differentiation of APCs to become functional in the priming of antigen-specific T cells [30](#R30){ref-type="bib"} [43](#R43){ref-type="bib"}. Impairment of in vivo T cell priming in response to protein antigens in CD40L-deficient mice [30](#R30){ref-type="bib"} appears to correlate well with our data here with OX40L-deficient mice. In addition, we demonstrated that CD40 signaling is a critical trigger for inducing OX40L expression on APCs, and that CD40 signaling, required for proliferation of B cells and differentiation of APCs, is intact in OX40L-deficient mice as demonstrated by normal expression of known CD40-induced markers (data not shown). These results highlight the close relationship between CD40 stimulation and OX40L expression during the priming of T cells. We hypothesize that the impairment of T cell priming in CD40- or CD40L-deficient mice may be partially due to a failure of expression of OX40L on APCs. This plausible interplay of the two systems in the subsequent development of an effective immune response remains to be examined.

OX40 has been reported to be expressed on autoreactive T cells in several autoimmune disorders, including in patients with rheumatoid arthritis and graft-versus-host disease, and in the mouse model of multiple sclerosis, EAE [7](#R7){ref-type="bib"} [8](#R8){ref-type="bib"} [11](#R11){ref-type="bib"} [12](#R12){ref-type="bib"} [13](#R13){ref-type="bib"} [14](#R14){ref-type="bib"}, suggesting that the OX40--OX40L system may be involved in autoimmune reactions. In vivo treatment with an sOX40 that blocks the interaction of OX40L with OX40 had a therapeutic effect during EAE [14](#R14){ref-type="bib"}. Weinberg et al. [14](#R14){ref-type="bib"} also demonstrated that OX40L is expressed on a CD11b^+^ macrophage/microglia cell population in the central nervous system only during EAE onset, and that this population probably acts as APCs to activate the T cells causing EAE. In this context, our findings using MGP34, antagonistic for OX40, also encourage us to examine the clinical usefulness of the blocking Ab in various autoimmune disorders.
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![Creation of OX40L-deficient mice. (A) Structure of the wild-type and mutant OX40L alleles. The targeting construct was designed to replace the first exon (black box) with a PGKneo gene cassette. The location of the probe for hybridization, the 0.8-kb PvuII-StuI fragment, is shown (hatched box). (B) Southern blot analysis of offspring of the germline chimera. Tail DNA harvested from wild-type, OX40L^+/−^, and OX40L^−/−^ mice was digested with HindIII (the location of which is depicted as H in A), electrophoresed, and probed with the radiolabeled probe. The mutant and wild-type alleles gave 10.0- and 3.0-kb hybridizing bands, respectively. (C) FACS^®^ analysis of surface expression of OX40L. Splenic B cells from wild-type and OX40L^−/−^ mice were stimulated with anti-CD40 plus anti-IgM, and then stained with anti--mouse OX40L mAb, MGP34.](JEM991399.f1){#F1}

![Binding specificity and blocking potential of MGP34. (A) Specificity of MGP34 for OX40L. BW5147 parental cells (left) and BW5147 cells transfected with mouse OX40L, BW-gp34 (right), were stained with MGP34 and analyzed by flow cytometry. Dotted lines represent control stainings conducted in the presence of excess unlabeled MGP34; solid lines represent MGP34-specific staining. (B) Immunoprecipitation of mouse OX40L with MGP34. BW5147 and BW-gp34 cells were surface-labeled with biotin, lysed, and immunoprecipitated with MGP34. Arrowhead, a 34-kD precipitate. Numbers on the left indicate standard molecular sizes. (C) Competitive binding of sOX40-Fc and MGP34 to OX40L. BW-gp34 cells were preincubated with MGP34 or control IgG, and incubated with sOX40-Fc at 4°C for 30 min. The binding of the sOX40-Fc (provided by Dr. P. Baum) was visualized by anti--human Fc-FITC. Solid thick or dotted line represents sOX40-Fc binding in the presence of MGP34 or the control Ab, respectively. Solid thin line represents background staining with anti--human Fc-FITC alone. (D) Blocking effect of MGP34 on the OX40-dependent proliferation of T cells. Purified splenic T cells (10^5^/well) were assayed for their proliferation induced by immobilized anti-CD3 in the presence of irradiated BW5147 (black bars) or BW-gp34 cells (5 × 10^4^; white bars). The cells were cultured for 72 h in the presence of 10 μg/ml of MGP34 or the control Ab, and assayed for thymidine incorporation. (E) The inhibitory effect of MGP34 is dose dependent. Purified splenic T cells (10^5^/well) were cocultured with irradiated BW-gp34 cells (5 × 10^4^/well) in the presence of anti-CD3 at the indicated concentrations of MGP34 (black bars) or control IgG (white bars). The proliferative response was assessed at 72 h as described above.](JEM991399.f2){#F2}

![Kinetics of OX40L expression on APCs. Splenic B cells were cultured in the presence of anti-CD40 plus anti-IgM for the indicated time periods. The cells were stained with anti-IgM--FITC, B220-PE, and biotinylated MGP34 followed by allophycocyanin-labeled streptavidin. B220^+^ B cells during the culture were examined for expression of OX40L. Enriched splenic dendritic cells were cultured in the presence of anti-CD40 plus anti--hamster Ab for the indicated time. The cells were stained with anti-CD11c--FITC, 33D1-PE, and biotinylated MGP34 followed by allophycocyanin-labeled streptavidin. CD11c^+^33D1^+^ dendritic cells during the culture were examined for expression of OX40L. Dotted lines represent control stainings conducted in the presence of excess unlabeled MGP34; solid lines represent MGP34-specific staining.](JEM991399.f3){#F3}

![Impaired T cell priming and cytokine production in OX40L-deficient mice and MGP34-treated mice. (A) OX40L-deficient mice have impaired recall proliferative responses to protein antigens. OX40L-deficient (□) or wild-type (▪) mice (four per group) were immunized with KLH, HEL, or OVA in the hind footpads. 9 d after immunization, draining lymph nodes were extracted and subjected to an in vitro challenge of the various protein antigens. After culturing for 3 d, their \[^3^H\]thymidine uptake was measured. (B) Impairment of recall proliferative response of the CD4^+^ T cells of OX40L-deficient mice. Purified CD4^+^ T cells from the draining lymph nodes of the OX40L-deficient (□) or wild-type mice (▪) were assayed for their recall proliferation in response to KLH in the presence of APCs from wild-type mice. (C) Defective APC function in OX40L-deficient mice. Purified CD4^+^ T cells from the draining lymph nodes from wild-type mice primed with KLH were assayed for their recall proliferation in response to KLH in the presence of OX40L-deficient (□) or wild-type (▪) irradiated spleen cells used as APCs. (D) MGP34-treated mice have similarly impaired lymph node recall proliferation to KLH. C57BL/6 mice (four per group) were immunized in the hind footpads with KLH in CFA. On days 0, 3, and the 6, mice received 500 μg anti-OX40L (○) or rat IgG (•) intraperitoneally. The recall proliferative responses of the draining lymph nodes (left) were tested in the same manner as described above. Purified CD4^+^ T cells from the draining lymph nodes of the MGP34-treated (○) or control IgG--treated (•) mice were assayed for their recall proliferation in response to KLH in the presence of APCs from C57BL/6 mice (right). (E and F) Absence of OX40L or MGP34 treatment inhibits recall cytokine production by lymph nodes in response to KLH. Production of Th1 (E) and Th2 (F) cytokines by the draining lymph nodes of the mice in the four groups (□, ▪, ○, •) immunized with KLH and further subjected to an in vitro challenge with KLH were measured.](JEM991399.f4){#F4}

![Impaired Ab production to KLH in OX40L-deficient mice. (A) Primary Ab responses to KLH in wild-type (black bars) and OX40L-deficient (white bars) mice were evaluated. After KLH immunization, serum was collected on day 7 for IgM and day 14 for the IgGs to examine the concentration of anti--KLH-specific Abs. (B) Secondary Ab responses to KLH in wild-type (black bars) and OX40L-deficient (white bars) mice were evaluated. Serum was collected on day 5 after the second immunization.](JEM991399.f5){#F5}

![Suppression of CTL induction in OX40L-deficient and MGP34-treated mice. (A) OX40L-deficient (□) or wild-type (▪) mice (H-2^b^) were immunized intraperitoneally with splenocytes of BALB/c (H-2^d^) mice. On day 5, CTL activities of their splenocytes were tested with BALB/c target cells. Data shown are representative of four experiments. (B) C57BL/6 (H-2^b^) mice were immunized intraperitoneally with splenocytes of BALB/c (H-2^d^) mice. The mice were treated with 500 μg MGP34 (○) or rat IgG (•) on days 0, 2, and 4 after immunization. On day 5, CTL activities of their splenocytes were tested with BALB/c target cells. Data shown are representative of four experiments.](JEM991399.f6){#F6}
